Bacterial adhesion and biofilm formation on the surface of biomedical devices is a detrimental process that compromises patient safety and material functionality. Several physicochemical factors are involved in biofilm growth, including the surface properties.
Introduction
Infections associated with the use of implantable and prosthetic devices are responsible for about half of all nosocomial infections in the United States, and despite continued efforts in the field, device-associated infections are still the most prevalent cause of biomaterial failure 1 . Because of their abiotic and avascular nature, implantable and prosthetic devices can be quickly colonized by microorganisms that usually inhabit epithelial tissues and mucous membranes like the skin, periurethral area, and mouth 1,2 .
Indeed, abiotic surfaces are colonized by 10,000 times less bacterial load than that needed to invade native tissues 1, 3 . Once pathogenic microorganisms colonize the surface of biomaterials, they aggregate into microbial communities enclosed by extracellular polymeric substances known as a biofilm. Biofilms increase the resistance of microorganisms to antibiotics and lead to life-threatening outcomes such as the dissemination of bacteria to other body sites, chronic inflammation, and bacteremia 3, 4 . In intensive care units, for example, bacterial contamination of intravenous catheters and indwelling urethral catheters costs about $300 million to $2.3 billion annually. Those expenses can scale quickly as a result of the patient's extended hospital stays and associated treatment 4, 5 .
Bacterial adhesion on abiotic surfaces is the first step in biofilm initiation; thus, elucidating the events that influence adhesion is pivotal to design strategies that can prevent biofilm-associated infections. Bacterial adhesion is a complex process known to depend on several physicochemical factors, including the biological properties of the microorganism and the material interface itself 6, 7 . Bacteria adhesion mechanisms have been associated with various adhesins and organelles (e.g., fimbriae, flagella). Moreover, protein complexes located at the outer membrane can also adhere directly to abiotic surfaces without the need of a pre-conditioned protein layer 6, 8 . The material physicochemical properties that have been shown to influence bacterial adhesion include surface chemistry, surface charge density, surface energy, and more recently, the topographical features and the mechanical properties of the material 7, 9 . The effect of surface topography on bacterial adhesion has been demonstrated by mimicking the skin of marine animals that resist high levels of biofouling in seawaters, including that of the starfish and shark's skin. For example, several authors have found a reduction in microbial adhesion and settlement, swarming motility, and biofilm development when using surface microtopographies with feature size comparable or slightly larger than that of the fouling microorganisms [10] [11] [12] [13] .
The mechanisms behind the anti-biofouling capabilities of surface microtopographies are not fully understood. In general, topographical patterns have been proven to affect the settlement preferences in a variety of microorganisms, and influence its adhesion strength, attachment density, and distribution 14 . It has been suggested that microorganisms tend to maximize the contact area with a surface 15 , or preferentially bind to locations that maximize the number of attachment points 16 . Recently, these mechanisms of selectivity have been associated with a cost of cell adhesion, since surface arrangements containing local curvature at the micron and submicron scale (e.g., hemispheres patterns) seem to be unfavorable for bacterial attachment despite their large surface area 11, 17 . Moreover, using recessed patterns inspired by the Shark's skin, Sakamoto and coworkers 18 showed that the geometric complexity of the surface (e.g., tortuosity) rather than the feature depth in grooved patterns, could reduce biofilm formation and the swarming motility in both Pseudomonas aeruginosa and
Staphylococcus aureus strains.
Like topographical features, the surface stiffness has also recently been suggested to impact bacterial adhesion. However, contradictory results have been obtained for a range of synthetic polymers and hydrogels, and it is still debatable whether material stiffness influences bacterial adhesion and subsequent biofilm formation. For example, by varying the monomer to crosslinker ratio, Kolewe and coworkers 19 studied the attachment density of Escherichia coli and Staphylococcus aureus as a function of Young's modulus in poly(ethylene glycol)dimethacrylate and agar. These authors found that fewer bacteria attached to softer hydrogels and suggested that material stiffness could potentially reduce the initial adhesion of bacteria on both synthetic polymers and natural hydrogels. In sharp contrast, Wang and coworkers 20 found that soft substrates had the highest initial rate of S.
aureus deposition on polyacrylamide (PAAm) hydrogels. In opposition to the above observations, Straub and coworkers 21 have proposed that the viscosity and hydrophobic interactions, not the material stiffness, are responsible for the differences in bacterial adhesion reported on those polymers.
In this study, we aimed to shed light on these disparities by examining the role of substrate stiffness on the adhesion and biofilm formation of E. coli to poly(dimethylsiloxane) (PDMS). PDMS is a crosslinked polymer commonly used in a range of biomedical applications, including medical adhesives, catheters, blood pumps, mammary prosthesis, drug delivery systems, among many others 22 . We used low-energy singly-charged inert ions to irradiate the PDMS and yield substrates with variable stiffness but comparable surface free energy. This process also resulted in the formation of a wavy-like topography (or wrinkles) in the PDMS, whose dimensions were controlled by the irradiation parameters. We then examined the influence of material stiffness on adhesion and biofilm formation of E. coli, independent of the wetting properties and surface free energy of the substrates. By systematically varying the wrinkle size and stiffness of PDMS, we showed that complex submicron topographies limited the adhesion of E. coli to PDMS independent of the substrate stiffness. We also showed that for stiff and very compliant PDMS, cell adhesion and biofilm mass were reduced by controlling the surface topography at the micron and submicron scale. Our findings contribute to a better understanding of the role of material stiffness on cell adhesion and biofilm formation. Because E. coli is a significant source of medical-device acquired infections, our results provide a cost-effective and simple way to reduce bacterial attachment before biofilms can be formed, even in very compliant and hydrophobic polymers.
Materials and Methods
Preparation of PDMS substrates. Microscope glass slides were cut in squares of 15 mm side and cleaned in a solution of 1:3 of hydrogen peroxide to sulfuric acid for 1 h. Glass slides were subsequently rinsed with milli-Q water several times. Excess of water was removed by flowing the glass with nitrogen gas just before spin coating.
Polydimethylsiloxane (PDMS) (Dow SYLGARD™ 184 silicone elastomer) was prepared by mixing the liquid silicone pre-polymer and the curing agent at ratios of 10:1, 30:1 and 50:1. Bubbles formed in the PDMS were removed by placing the preparations in a desiccator connected to the vacuum line for 15 min. A spin coater (Specialty Coating Systems Model 6808) operating at 1500 and 2500 rpm were used to deposit the PDMS on the cleaned glass slides. PDMS was then cured at 80°C for 45 min and used the next day for nanopatterning.
Argon irradiation of polydimethylsiloxane. Spin-coated PDMS films deposited on glass sliders were inserted in a vacuum chamber and irradiated with argon (Ar + ) ions. The fixed parameters during the irradiation were: ion species (Ar + ), ion energy (1 KeV), and fluence (1x10 17 ions/cm 2 ). A series of experiments varying the angle of irradiation (0°, 45°, and 75°) and the stiffness of the PDMS substrates (≈ 0.01, 0.1, and 1 MPa) were performed to yield wrinkles with variable amplitude and wavelength. The irradiations were performed using an ion current in the range of 0.3 to 0.6 mA. The base pressure of the vacuum chamber was 2x10 -6 Pa.
Atomic force microscopy (AFM). An Asylum Cypher AFM was used for the topographical characterization of the argon-irradiated PDMS. The instrument was operated in tapping mode in air using a BS- Tap300AI Statistics. One -way ANOVA and Tukey's multiple comparisons post-test analysis were applied to determine statistical differences between samples. The significance was set at 5%. Reported values in figures and tables denote the mean ± standard deviation (SD).
Results
Wrinkles were fabricated with variable amplitude and wavelength on PDMS by tuning the material stiffness and angle of incidence during low-energy ion beam irradiation We performed an analysis of the power spectral density in reciprocal space to correlate the wavelength and height of the wrinkles with the nanofabrication parameters, the polymer Young's modulus, and the resulting surface free energy (Figure 2a) . The power spectral density describes how a signal's power is distributed in frequency and decomposes the spectral content of the topography into contributions from different spatial frequencies or wavevectors in the form of peaks 27, 28 . By extracting the area under the curve and the wavelength value at the center of each peak for each of the given PSD, we found that the root-mean-square (RMS) height and the frequency of the wrinkles increased monotonically from stiff to soft PDMS (Figure 2b, c) . We also observed that The PDMS substrates also became more hydrophilic after argon irradiation as the static water contact angle (WCA) decreased from about 110° to angles lower than 60° for all the irradiation conditions (Figure 2e ), probably due to the higher oxygen content at the
. The inclusion of oxygen into the structure of the PDMS has been shown to add polarity to the polymer, thus reducing its hydrophobicity 30 (Figure 2d ). The WCA did not change significantly among samples with different stiffness and wrinkle sizes, except for the PDMS crosslinked at a ratio of 10:1 and irradiated at 0°, which had the lowest contact angle and was significantly different from the other irradiated samples (Figure 2e ). These results indicated that argon irradiation of PDMS resulted in wrinkled structures with a variable size, but with the same stiffness and water wetting properties, despite the differences in surface stiffness and roughness. We also noticed that among the unmodified samples, the hydrophobicity raised monotonically as the ratio of base to crosslinker increased, and this difference was significant (p<0.05), contrary to the observations from other authors 31 . We further characterize the surface free energy of the irradiated PDMS by determining the contact angle of diiodomethane and solving for the surface energy according to the method developed by Owens and Wendt
24
, and recently verified by Hejda and coworkers 32 . This strategy uses a pair of non-polar (diiodomethane) and polar (water) liquids to get an estimation of the surface free energy.
We found that the contact angle of the diiodomethane was dependent on the angle of irradiation and crosslinking ratio, which was probably associated with variations on the degree of oxidation of the PDMS 26 (Figure 2f ). However, we found that substrates with different stiffness and close nanoscale topography exhibited approximately the same surface energy ( Table 2) . For example, the PDMS crosslinked at 10:1 and irradiated at 45° had nearly the same surface free energy than the PDMS crosslinked at 30:1 and irradiated 0° and 45°. In general, the surface free energy varied between 42 to 51 mJ/m 1 6
in the case of the untreated PDMS using the method developed by Owens and Wendt 24 .
Overall, we obtained substrates with variable substrate stiffness and with approximately the same interfacial energy by tuning the irradiation parameters. We started our analysis on bacterial adhesion and biofilm formation by studying the effect of substrate stiffness and wrinkle size on the ability of E. coli cells to colonize the different PDMS substrates. To that end, untreated and wrinkled PDMS samples were incubated with a suspension of exponential-phase E. coli cells at 30 °C for 24h in minimum media (M63). At the end of the incubation period, samples were gently rinsed to remove the loosely attached cells, and subsequently, cells were either imaged or stained with Crystal Violet to determine biofilm mass accumulation. We found that the wrinkled topography reduced significant biofilm mass regardless of the PDMS stiffness, except for the softest wrinkled PDMS at 50:1 ratio (Figure 3a) . We also observed that wrinkles with a wavelength of about 1 µm, which formed in PDMS at 10:1 ratio and 0°
angle of irradiation, yielded a 2-fold biofilm reduction compared to the untreated sample at the same cross-linked ratio (Figure 3a) . Also, biofilm reduction in this sample was significantly lower than the amount of biofilm formed in the softest wrinkled surface (50:1) but comparable to that of wrinkled PDMS at a 30:1 ratio. Laser confocal fluorescent images revealed that the distribution of bacteria became increasingly uneven on the wrinkled substrates, probably contributing to the decrease in biofilm mass measured by Crystal Violet (Figure 3b ). Optical inspection showed that E. coli attached predominantly to the valleys and in direct contact with the material (Figure 3c ). Few cells were detected on the wrinkle's crest and sidewalls, even for the softest wrinkled PDMS that had the longest wavelength and the most extensive surface area for cell attachment (Figure 3c) . Similarly, for wrinkles approaching the size of E. coli in the wrinkled PDMS at 10:1 ratio, the cells settled inside the wrinkle's trough despite the cost of bending or aberrant cell shapes induced by the microtopography (Figure 3d) . and wrinkled (W) PDMS was cultured with E. coli bacterial suspensions for 24 h at 30°C.
In the bar plot: biofilm mass accumulation is relative to the untreated sample, a.u.
indicates arbitrary units, and p< 0.05 denotes significant differences between samples. showing the distortion of the bacterial cell shape imposed by the sharp turns and tortuosity of the topography.
The differences in bacterial adhesion observed on the softest wrinkled PDMS at 50:1 ratio might stem from the large wrinkled size in this sample compared to that on the 10:1 and 30:1 irradiated substrate, but not from differences in material stiffness. If this was the case, we would expect to see a measurable decrease in biofilm mass as the wrinkle size decreases. To test this possibility, we cultured E. coli cells on 50:1 and 30:1 PDMS that were irradiated at angles of 0° and 45° to yield wrinkles with a shorter wavelength (see Figure 1) . As previously detailed, the 50:1 PDMS irradiated at 45° reproduces the same topography than on the 30:1 substrate irradiated at 0°, despite the differences in the material stiffness. Also, the wrinkle size does affect the Young modulus in the wrinkled PDMS for the same crosslinking ratio (Figure 1) . We found that the biofilm mass formation diminished significantly in both cases by making the wrinkles shorter, supporting our initial observations (Figure 4a ). This also suggests that even for very soft PDMS, biofilm mass can be mitigated by tuning the surface topography alone. To further support this notion, we compared the wrinkled structures formed at a 10:1 ratio, which yielded the lowest biofilm mass (Figure 3a, b) , with those formed in the 30:1 PDMS irradiated at angles of 45° and 75°. Those wrinkled substrates were selected because they have a comparable surface free energy (see Table 2 ); thus, ruling out the influence of this parameter on adhesion and biofilm initiation of E. coli on PDMS with very dissimilar stiffness (≈ 2 vs. 0.2 MPa). As aforementioned, the wetting properties for the untreated PDMS was significantly different across the crosslinked densities used here. Using this experimental setup, we found that biofilm mass formation was not significant between the PDMS with Young's modulus of 1.8 and 0.2 MPa, which corresponds to crosslinked ratios of 10:1 and 30:1, respectively. Also, under these conditions, as shown in Figure 3 , E. coli can still make direct contact with the underlying topography.
Lastly, we investigated if decreasing the wrinkles to sizes much smaller than the E. coli dimensions would cause an opposite effect on bacterial adhesion, that is, increase biofilm mass as the surface approaches to a flat surface. To that end, 10:1 PDMS was irradiated at angles of 0°, 45°, and 75° to yield wrinkles with RMS heigh and wavelength at the submicron scale (Figure 4b ). Biofilm mass formation was quantified by Crystal Violet, following the same procedure as described previously. Interestingly, we found that in all the cases, the nanotopography significantly reduced biofilm mass formation by two-fold when compared to the untreated control, even when the wrinkle's size approached 400 nm in wavelength (Figure 4c) . However, this sample also showed the highest standard deviation in contrast to the other wrinkled structures (formed at 0° and 45°). Optical inspection revealed that while E. coli settled down mostly on topographical defects that were present on the 75°-wrinkled PDMS (Figure 4e ). This data suggests that when the 0 wrinkled pattern has dimensions smaller than E. coli, the patterned PDMS films may have the best performance on preventing biofilm mass accumulation. . Interestingly, the wrinkle's dimensions had no effect in the resulting PDMS stiffness for a fixed crosslinked ratio. bending. Interestingly, we observed that when the wrinkles became much smaller than the bacterial dimensions and at the submicron scale, the anti-biofouling properties of the material were comparable to those features with about 1 µm in wavelength. However, a closer examination showed those similarities probably arose from topographical defects in the sample after irradiation, allowing E. coli to establish in those areas. In agreement with our observations, other authors had reported that when the pattern size was shorter than the bacteria size (four-way grids of 0.5 µm in size), the anti-biofouling capacity of the films increased significantly 39 . It would be interesting to determine if the geometry of the topography (e.g., curvature) at the submicron scale might contribute to the observed effect.
In summary, we were able to fabricate PDMS with a stiffness that spanned several orders of magnitude, i.e., from few kPa to several MPa, and analogous surface free energy (ranging from 42 to 51 mJ/m 2 ). Low-energy ion beam irradiation also resulted in the crosslinking of the polymer's top layer, producing wrinkles whose amplitude and wavelength were tuned by controlling the angle of irradiation. Our results suggest that topographical patterns impart anti-biofouling properties to a surface against E. coli that are independent of substrate stiffness. We also demonstrate that topography can limit bacterial surface attachment and biofilm formation even in very compliant PDMS (Young's modulus of 0.02 and 0.2 MPa). At first sight, our findings contrast with other reports suggesting a direct role of substrate stiffness on bacterial adhesion and biofilm initiation. However, those findings can be reconciled if one considers that the adherence of biofilms to surfaces is also governed by hydrophobic interactions, protein adhesion, van der Waals forces, electrostatic, and steric interactions. Because E. coli is a significant source of medical-device acquired infections, we believe our findings are a cost-effective and simple way to reduce bacterial attachment before biofilms can be formed, even in very compliant and hydrophobic polymers. 
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